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An improved and scalable synthetic route to molecul ar catalytic machines, to encode information onto
polymers, has been developed. Regiosel ective nitration reactions have been performed to introduce chirality on
the catalyst. The mechanism behind the regioselectivity is herein investigated.
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Abstract

An improved and scalable synthetic route to chp@phyrin cage compounds, which will be
used as catalytic machines for the encoding ofim&tion into polymers, has been developed.
The porphyrin cage was made chiral by introducing or two nitro groups on its xylylene
sidewalls. This nitration was performed with fumingric acid at low temperature and
occurred in a highly regioselective fashion. Thigelawas thought to be the result of the
binding of a nitronium cation inside the cavitytbé cage compound, directing the reaction to
the sidewalls. HowevetH NMR titrations of the porphyrin cage compoundhngither nitric
acid or the nitronium salt [N£IBF 4] revealed that the effect of the host-guest bigaihthe
nitronium ion on the selectivity of the reaction negligible. Instead, protonation of the
porphyrin plays an essential role as it prevenésrthg from being oxidized, allowing the
nitration to be directed to the sidewalls.

Keywords: Glycoluril; Porphyrin; Host-guest chemistry; Cageletule; Chirality; Nitration.

1. Introduction

The amount of information that is produced nowadayscreasing exponentially and will
lead to storage problems in the near futlrés a result, new approaches to store data are
currently being developed and an interesting opi®rio use biological (e.g. DNA) and
synthetic polymers for this purpdsé We have started a program to write and storeadigi
information onto polymers in the form of chemicainttions with the help of catalytic
machines that thread onto a polymer chain, andewhibving along it, writeRR)- and §S)

epoxides representing the digits 0 afid. The aforementioned catalytic machines are based



on a chiral manganese(lll) porphyrin cage compodedved from diphenylglycoluril. The
synthesis of the parent achiral porphyrin cage aamgH,1 (Figure 1) was first reported in
1999, and required 9 stéfisLater in 2007 the first improvements on the laos synthesis
of the porphyrin cage were mddeWith the challenging goals of writing and storing
information on polymers with catalytic machinesnmnd, our aim is to further reduce the
number of synthetic steps and to increase the byeedd, such that also substantial amounts
of chiral derivatives ofH,1, i.e. compoundd,2 and H,3, are easily accessible. These
compounds are the starting materials for the mashtinat can write chiral epoxides.

The introduction of chirality into the porphyringa compoundH,2 andH,3) was reported

in an earlier study, i.e. by treating cage compouftd1 with fuming nitric acid, which lead
to functionalization of exclusively the xylylenedswalls with one or two nitro-groups.
In.addition to conferring chirality, the nitro gnosi also serve as excellent handles to further
functionalize the cag@ Remarkably, the nitration occurred in a highlgioselective fashion,
which was initially thought to be a consequenceafitronium cation being bound in the
cavity of the cage compoulfd Because of its proximity it would then only ntgathe
aromatic rings of the sidewalls. Interestinglyh#is been reported that a simple nitration of
meso-tetraphenylporphyrin (TPP) with HN@an nitrate thg-pyrroles, as well as the phenyl
rings™*". Other work on the nitration of ofleso-aryl porphyrins using a radicat&a(NO,») or
anionic® (NO,") nitro-source revealed selectivity of nitratiorr the B-pyrrolic positions of
the porphyrin ring. These previous findings sugdkat vastly different mechanisms are at
play during the nitration oH,1. In the present study, we address this issue furlyer

performing additional studies that aim to shindiign the mechanism behind the observed
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Figure 1. Porphyrin cage compounds



2. Results and discussion

Our improved and shorter synthetic route towareéspidrent porphyrin cage compourell
is shown in Scheme 1. The synthetic strategy enesegs two parts: the synthesis of the
tetratosyl clip compound?] and the synthesis of the porphyrin ro85. (The clip molecule
was constructed starting from diphenylglycolurilhieh was prepared in up to quantitative
yield (70-99%) by the acid-catalyzed condensatibmbenzil and urea in toluene using a
Dean-Stark apparatus. Because diphenylglycoluhiislly soluble in any common organic
solvent, it was further functionalized to cyclichet 5 in reasonable yield (50-70%) by a
reaction with formaldehyde and a subsequent admlyzed ring closing reaction. Cyclic
ether5 is a weak electrophile in Friedel-Crafts alkylaticactions and, hence, in the past
more reactive intermediates were synthesized flusndompound for the attachment of the
aromatic sidewalls (see Supporting Information, éded S1). These sidewalls are derived
from pyrocatechol. Previously, the direct bis-a#tydn of this compound with 2-
chloroethanol turned out to be cumbersome, as ribdupt was formed in low yield (<30%).
We found that under the reaction conditions, 24adthanol is transformed into oxirane
(detected byH NMR), which either reacts with deprotonated chtcor leaves the reaction
mixture as a gaseous byproduct. By keeping thefptHeoreaction mixture between 9 and 11,
catechol was always present in its deprotonatech.fdn this way, a multigram scale
alkylation of catechol with 2-chloroethanol in watgave the diol intermediate in quantitative
yield, without the need for further purificationul&equent tosylation of the hydroxy groups
afforded the sidewall molecu&in good yield after a single recrystallizationgste
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Scheme 1. Synthesis of cage compouhidl. Reagents and conditiore: CO(NH,),, TFA,
PhMe, reflux;b) HCHO, NaOH, DMSO/HKO, 20 °C; then HCI, refluxg) 2-chloroethanol,
KOH, H,0, 60 °C;d) TsCl, pyridine, DCM, G- 20 °C; €) SOC}, ZnCh, DCM, 20 °C;f)
SOCb, Sn(OTf} (cat.), DCM, 20 °C;g) pyrrole, EtCQH, reflux; then DDQ, CHGI
reflux; h) BBr3, DCM, —25 — 20 °C; i) K,CO;s, MeCN, reflux.

The Friedel-Crafts alkylation reaction betwedeand the tetrachloromethyl derivative (see
Supporting Information, Scheme S1)ohad always been performed under reflux conditions
in 1,2-dichloroethane, moderated by a stoichiormetmount of tin(IV) chloride as the Lewis
acid, to furnish clip molecul@ in moderate yield (typically 30—-60%). It is assuribat the
Lewis acid activates the carbon-chlorine bond tonfanN-acyliminium intermediate, which
is prone to nucleophilic attack from the electraritrarene6. We reasoned that the saide
acyliminium intermediate will be present in any gersion of5 to a more reactivsl,O-acetal
derivative. Hence, a one-pot activation and Frie@ehfts alkylation reaction should work,
starting from cyclic ethes or any similamN,O-acetal (Supporting Information, Table S1). We
found that cyclic etheb could be activated in situ with thionyl chloridedaa stoichiometric
amount of a Lewis acid (e.g. zinc chloride) to faimthe clip molecule in reasonable yield
after a single trituration of the crude producttlas sole purification step. The reaction also
worked with a catalytic amount of Lewis acid (etig(ll) trifluoromethanesulfonate), again
providing clip moleculer in reasonable yield. The same conditions were usedultigram
scale experiments (up to 21 g) without significgigld losses. Now, tosyl clifZ’ can be
obtained in fewer steps and with an increased tvweedd (31%) as compared to earlier work
(11%)0%

The porphyrin roof § was synthesized in two steps from 2-methoxybeletsaide and
pyrrole in a reproducible yield of 6-7%, which codulot be improved further. The methyl
ether was chosen as a protecting group to simghiéyworkup during the porphyrin synthesis.
The protecting group was easily removed in quantéayield via a reaction with boron
tribromide.

Finally, a highly diluted 1:1 mixture of tosyl clip and porphyrin roo was refluxed in
acetonitrile, with potassium carbonate as a basgietd free base porphyrin cage compound
H.1l in acceptable yield (typically 25-58%) after pigation by a single chromatographic
event. The yield of the cage synthesis was higlelyeddent on the duration of the reaction.
As described previousiy*, a yield of 25-30% was obtained after just 1 dyije a yield of

up to an impressive 58% can be reached reprodudlyrefluxing the mixture for

approximately 10 days, as we show here. As sucky 4p0 mg of porphyrin cage compound
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H.1 could be obtained per batch. The physical propeiif this compound were in line with
our previous reports. An X-ray structuretdfl could be determined after crystallization of
this compound from CDglat —60 °C (Figure 2)This chloroform solvate is a pseudo-
polymorph of an X-ray structure of the same cagammund, reported by us before, which
was a chloroform-acetonitrile solvateln the current structuré],1 contains two chloroform
molecules in the asymmetric unit, both disorderecerotwo positions (Figure 2Db).
Interestingly, one of these solvent molecules stéub by the cavity dfi,1.

(a) (b)

Figure 2. X-ray structure of compouni,1 (a) excluding and (b) including co-crystallized
chloroform solvent molecules.

Functional handles can be added selectively taxyhdene side walls oH,1 in the form of
either one nitro-group, creating the chiral monwated cageH,2, or two nitro-groups,
leading to the chiradnti-di-nitro cageH,3 and the achiradyn-di-nitro cageH4 (Scheme 2).
This is achieved by reacting the cage with fuminfgicnacid at low temperature, as we
reported earlief.
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Scheme 2. Synthesis of cage compounds2, H,3 andH»4.

We noticed that the formation of either the monothe di-nitro products is very sensitive
to changes in the concentration of the reactardstatemperature. When the temperature of
the reaction mixture in chloroform is strictly kdpgtween —50 and —40 °C, the major product
is the mono-nitro-compounid,2, which can be isolated in a yield of up to 75%t (ypically
50-60%). The di-nitro productd,3 andH»4 already quickly form when the temperature is
slightly increased. In an attempt to elucidate kheetic factors of the nitration reaction, we
monitored its progress over time with the helpkdNMR spectroscopy (Figure 3). We used a
ten times more dilute concentration ldg1 (0.743 mM)than is normally used during the
reaction, because in that case it is possible ttome the NMR experiments at a milder
temperature (0 °C). This temperature grants us ragelo timespan to perform the
measurements before completion of the reaction,aéthdugh the yield oH,2 is somewhat
lower, the reaction is easier to handle and toodyce. Over time, we observed the
consumption oH,1 and the formation of,2 andH4; the formation oH,3 was very slow

and was therefore not considered in the kinetios. @lll changes in concentration are fitted
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using first order kinetics. Therefore, it appednattthe formation oH,2 follows a first order
kinetic process. However, the conversion rate cawdt be accurately determined since it
became clear that the concentratiorHel was decreasing with a much faster rate tHah
andH»4 were formed. Hence, it became clear that the malss\te did not remain constant,
indicating decomposition. The longer the react@am, the more decomposition occurred. TLC
analysis also confirmed the formation of degradgepooducts. It was unclear whether either
the starting material or the nitrated products dgmosed, or both of these. However, the
apparent decomposition implied that a short reactime would be optimal, which could
indeed be achieved by using a higher concentradioid,1 in combination with lower
temperatures.

——H)1
07 —H,2
H,4
Total cage conc.

0.6 4 \.

0.5
S 0.4 4

0.3

Conc (m

0.2
0.1 1

0.0

Time (h)

Figure 3. Progress of the nitration éf,1 (initial concentration 0.743 mM) as a function of
time. T = 0 °C in CDG, concentrations are based on integration of refesgnals in the
'H NMR spectra. For the calculation of the conceiurs, dibromomethane was used as
internal standard.

Because of the observed sensitivity of the readtaime nitration conditions, we attempted
to introduce the nitro-groups in an earlier stayéen we treated clip molecufewith fuming
nitric acid under the same conditions, the matellomposed and no nitrated product could
be isolated or starting material recovered. Thighhindicate that the cage plays a role in
facilitating the nitration reaction, as we reporteviously>. Another possibility was to

nitrate compound6, but this reaction led to nitration at the metgipon of the



dialkoxybenzene ring, which would make it impossibd obtain the nitrated version bfin
the subsequent step. Alternativellpl was subjected to a mild nitration method with
ammonium nitrate and trifluoroacetic acid anhydridechloroform at room temperature, to
investigate if a higher selectivity for the mondraied product and a lower amount of
decomposition could be achieved. Instead, the pusly observed regioselectivity for the
sidewalls, was lost, and an inseparable mixturanahy different nitrated products was
generated. The observation that the nitration geduregioselectively with nitric acid and
non-selectively with ammonium nitrate could indec¢hat the cationic nature of the nitronium
ion plays an important role, since this cationas formed under the mild nitration conditions
of the latter reagent.

To further investigate whether the observed sidesectivity was caused by the inclusion
of the nitronium cation in the cavity of the cagempound during the nitration reaction,
several'H NMR titrations were performed. When a solution asfge moleculeH,1 was
titrated with HNQ, the NMR signals corresponding to thgyrrole protons (protona in
Figure 4) and those belonging to timeso-phenyl rings I§) attached to the porphyrin roof
showed broadening. This is indicative of protonkatme after the porphyrin is mono-
protonated. These signals became well-defined &agpsagain after the addition of ~2
equivalents of fuming nitric acid, which suggesis-frotonation of the porphyrin roof
(Figure 4). Furthermore, the pyrrole-h\signal @, —2.70 ppm) was no longer observed after

the addition of HN@, due to broadening of the signal as a result oharge with water.
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Figure 4. *H NMR titration of H,1 with HNO;. EachH NMR spectrum was recorded
after the addition of the indicated amount of HN®he signals are assigned to different
parts of the cage compound, see structure onghe &olvent CDGl

After the addition of 3.0 equivalents of HNChe formation ofH,2 could be observed
through the upcoming three singlets of the xylylsitewall protonsd). This indicates that 2
equivalents of nitric acid are needed to protonlageporphyrin roof prior to nitration. When
less than 2 equivalents of nitric acid were addeel**N NMR spectrum of the mixture only
showed the signal of nitrate anions, which suggimsts HNQ protonates the porphyrin roof,
leaving NQ™ behind. After the addition of 2 equivalents, tlgnal corresponding to nitric
acid appeared in th#N NMR spectrum as well (Supporting Information, @ig S1). If a
nitronium cation had been bound inside the cavity,NMR should have shown an additional
signal belonging to the shielded cationic nitronigoest. As expected'N signals that would
arise from the porphyrin cages are not observedestN signals in larger molecules and in
an asymmetric environment are broadened becauggaofupolar interactions. In anottet
NMR titration, nitronium tetrafluoroborate was usasl a potential nitronium source (Figure
5).
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Figure 5. 'H NMR titration of H,1 (in CDCk) with [NOJ[BF4] (in CDsCN). Each'H
NMR spectrum was recorded after the addition ofitlkdecated amount of [NEIBF,4]. The
signals are assigned to different parts of the caggpound, see structure on the right.

Similar to the titration with HNgQ broadening of the signals corresponding to the
porphyrin roof &, b, g) occurred after adding the salt. After the addited ~1 equivalent of
[NO,][BF4], a well-defined spectrum was obtained again,datiing either bis-protonation of
the porphyrin, or the presence of a 1:1 host-go@siplex of the porphyrin cage with either a
nitronium or a nitrate ion. After the addition d gquivalents of [Ng)[BF,], nitration of the
sidewalls could be observed through the three grgwinglets at between 6.50 and 6.25 ppm.
These peaks continued to grow upon the additioomofe of the nitronium salt. In the
presence of less than 1 equivalent of the salt,*ilReNMR spectrum again revealed the
presence of nitrate as the only symmetric nitrogemaining species. Upon the addition of
more of the salt, the signal corresponding to migid appeared in tH&\ NMR spectrum as
well (Supporting Information, Figure S2). Combinedth trace amounts of water, each
nitronium tetrafluoroborate ion pair can act asipratic acid. To further support these
findings, the’H NMR spectrum ofH,1 in the presence of 1.0 equiv. of [N{BF4 was
compared to a spectrum b1 in the presence of TFA (5.0 equiv, to ensure batgmation

of the porphyrin) (Figure 6). It is obvious thattlwo spectra are basically the same, apart
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from small deviations that are probably causedhieydifferent anions. Hence, it is very likely
that protonation of the porphyrin is the initialeew during the nitration reaction, which is in
line with the observed color change from purplgteen when the fuming HNGs added to

the solution oH>1.
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Figure 6. (Top) *H NMR spectrum oH,1. (Middle) *H NMR spectrum ofH-1 in the
presence of 1 equivalent of [N[BF4]. (Bottom) '"H NMR spectrum ofH-1 in the
presence of 5 equivalents of TFA. Solvent CRCD;CN (1:1, v/v).

In a final attempt to probe the presence of a nitnm cation in the cavity of the cage
molecule during the nitration reaction, a nick@l{dn was inserted in the porphyrin ring to
afford a stable 16 electron square planar diamagremplex Nil, which also resists
protonation of the porphyrin (Figure 7, tod NMR spectrum). When a solution bfil in
chloroform-acetonitrile (1:1, v/wyas treated with 1.0 equiv. of [N{[BF4], a new symmetric
compound was formed (Figure 7, bottdsh NMR spectrum). ItsH NMR spectrum showed
the absence (or extreme broadening) of all Bhgyrrole resonances of the porphyria).(
Moreover, the signals of theeso-phenyl substituentsbf were significantly broadened as
compared to those in the spectrunNoi. The signals arising from the diphenylglycolutipc
part €, €) remained basically unaffected. We propose thahéencase ofNil the nitronium

cation serves as a one-electron oxidant, whichizesdthe porphyrin to a radical cation which
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is delocalized over the entire porphyrin ring systélence, the porphyrin resonances in the
'H NMR spectrum become extremely broadened, an@psdh the vicinity of the porphyrin

experience a similar but smaller effect. These ipagmetic effects are highly dependent on
the distance to the paramagnetic center, and @suét proton signals further away from it are

less affected.
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Figure 7. (Top) *H NMR spectrum ofNi1. (Bottom)*H NMR spectrum ofNil in the
presence of 1 equivalent of [NIBF,4]. Solvent CDC4-CD3CN (1:1, v/v).

Alternative to the formation of a radical catiohgtnickel(ll) center can be oxidized to a
nickel(lll) species, which also implies the fornmatiof a paramagnetic entity. One-electron
oxidations of nickel(Il) porphyrins to either thadical cation or the nickel(lll) species have
been reported befcteé® but not in combination witmitronium tetrafluoroborate as the
oxidant. As an additional experiment, we also penfed the nitration reaction under the
standard conditions ddil to investigate the outcome of the regioselectiityerestingly, all
selectivity for nitration on the xylylene sidewalippeared to be lostd NMR (Supporting
Information, Figure S3) and MALDI-TOF (Supportingférmation, Figure S4) analysis
showed the formation of a mixture of many differenirated species. This confirms our

findings that protonation of the porphyrin ring ydaan essential role in the regioselectivity of
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the nitration reaction ohl,1. From the above experiments we cannot completaljude that
the nitronium ion is first bound in the cavity ld§1 before it nitrates the xylylene sidewalls of
this compound in a regioselective fashion. Whawislent is that the first step of the reaction
is the protonation of the porphyrin ring, which fgts it from being oxidized or nitrated.
These claims are confirmed by the loss of regiateley that takes place during nitration

after nickel is inserted in the porphyrin ring.

3. Conclusions

We have optimized the synthesis of porphyrin cagepoundH,1 by reducing the number
of steps by two, and alongside increased the yiefdfie other steps. As such, the overall
yield of the bottom part of the cage compound heenlincreased from 11 to 31%. Moreover,
the yield of the final step, in which the bottonrtpa connected to the porphyrin, could be
increased to 58%. We have gained more insighttimopossible mechanisms involving the
regioselective nitration of cage compoutgll. The high regioselectivity is most probably not
caused by the location of the nitronium cation e tcavity of the cage molecule, but
controlled by an initial double protonation of tperphyrin ring, which deactivates it for

electrophilic aromatic substitution.
4. Experimental

4.1. General Information

Catechol was recrystallized successively from toduand chloroform and stored in the
freezer under an argon atmosphere. Pyrrole wasrdittered through a pad of Alumina | just
before use or it was distilled under reduced pmesand stored in the freezer under an argon
atmosphere. Dichloromethane was distilled from ioaic hydride under a nitrogen
atmosphere. Other solvents and reagents were ettfiom commercial suppliers and used
without further purification. Reactions were folled/ using thin-layer chromatography (TLC)
on silica gel-coated plates (Merck 60 F254). Daévactvas performed with UV light at 254
nm and/or by charring at 150 °C after dipping insalution of KMnQ. Column
chromatography was performed manually using Acilasasgel, 0.035-0.070 mm, 60A, and
Acros aluminium oxide, 0.050-0.200 mm, 60A. NMR &pee were recorded at 298 K on on
an Agilent Inova 400 spectrometer (400 MHz) equippath a dual-channel inverse probe,
on a Bruker Avance 11l 500 spectrometer (500 MHgz)ipped with a Prodigy BB cryoprobe
and on a Bruker Avance Ill 400 spectrometer (400z)efuipped with a BBFO prob&H
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NMR chemical shifts § are given in parts per million (ppm) and wereerehced to
tetramethylsilane (0.00 ppm). Coupling constanésraported as values in Hertz (Hz). Data
for '"H NMR spectra are reported as follows: chemicalt §hiultiplicity, coupling constant,
integration). Multiplicities are abbreviated assm(let), d (doublet), t (triplet), m (multiplet),
b (broad). Mass spectra were recorded on a Theimugan LCQ Advantage Max mass
spectrometer (MS), an JEOL AccuTOF CS JMS-T100CSsnspectrometer or on a Bruker
Microflex LRF MALDI-TOF system in reflective modergloying dithranol as a matrix.

4.2. Typical synthesis procedures
42.1. 1,6:3,4-Bis(2-oxapropyl ene)tetr ahydr 0-3a,6a-di phenylimi-dazo[ 4,5-d] imidazol e-
2,5(1H,3H)-dione (5)

TFA (24 mL, 0.31 mol, 1.25 equiv) was added to latsan of urea (31 g, 0.51 mol, 2.05
equiv) and benzil (53 g, 0.25 mol, 1.0 equiv) itueme (500 mL). The resulting mixture was
refluxed for 26 hours in a Dean-Stark apparatuseur@h argon atmosphere. Upon
completion of the reaction, indicated by the dissgypnce of the yellow color, the mixture
was allowed to cool to 20 °C. The resulting preeifg was successively filtered off, washed
with ethanol (100 mL) and dried under high vacuenafford diphenylglycoluril (74 g, 99%)
as a white solid. Paraformaldehyde (23 g, 0.78 ®ml,equiv) was added to a suspension of
diphenylglycoluril (46 g, 0.16 mol, 1.0 equiv) inM30O (250 mL). The pH of the reaction
mixture was adjusted to 10 by the dropwise additibaqueous 1M NaOH. The resulting pale
yellow solution was stirred at 20 °C for 16 houfFben, the pH of the reaction mixture was
adjusted to 1 by the addition of agqueous 37% HG@E flesulting mixture was refluxed for 2
hours. The suspension was allowed to cool to 2arf€water (100 mL) was carefully added
while stirring. The resulting precipitate was swssieely filtered off, washed with water (100
mL) and cold ethanol (100 mL), and dried under higbuum to afford cyclic ethér (37 g,
61%) as a white solidH NMR (400 MHz, CDCY) & 7.20-7.10 (m, 10H), 5.66 (d,= 11.2
Hz, 4H), 4.57 (dJ = 11.2 Hz, 4H). Spectral data were in agreemettt literature values.

4.2.2.1,2-Di-(4-methyl benzene-sul fonoxy-ethoxy)benzene (6)

A solution of KOH (33 g, 0.59 mol, 2.6 equiv) in t&a (800 mL) was purged with argon
for 60 minutes. Then, catechol (25 g, 0.23 mol,e0iv) was added and the reaction mixture
was heated to 60 °C. 2-Chloroethanol (50 mL, 0.05 B3 equiv) was added dropwise over
15 minutes and the solution was stirred at 60 AC9f hours under an argon atmosphere.
Additional 2-chloroethanol was added after 24 hgé&mL, 0.75 mol, 3.3 equiv), 48 hours
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(50 mL, 0.75 mol, 3.3 equiv), and 72 hours (25 @138 mol, 1.7 equiv). Meanwhile, KOH
pellets were added to keep the pH of the reactioxtune between 9 and 11. Upon
completion, the mixture was cooled to 20 °C andpgfrexluct was extracted with DCM (4 x
400 mL). The combined organic extracts were drieer sodium sulfate and the solvent was
removed in vacuo. The residue was dissolved in THE® mL) at 40 °C and precipitated by
the addition of n-heptane (50 mL). The precipitates successively filtered off, washed with
n-pentane (200 mL) and dried under high vacuunffarcathe diol intermediate (44 g, 98%)
as a white solid. Pyridine (110 mL, 1.3 mol, 6.Qieywas added to a 0 °C solution of the
diol intermediate (44 g, 0.22 mol, 1.0 equiv) ity @CM (500 mL). Then, TsCI (130 g, 0.67
mol, 3.0 equiv) was added portion-wise over 15 n@suthe ice bath was removed and the
resulting mixture was stirred at 20 °C for 23 hodrse mixture was then diluted with DCM
(500 mL). The organic layer was successively wastiddwater (800 mL), aqueous 6M HCI
(600 mL), water (600 mL), and brine (600 mL); thaned over sodium sulfate, after which
the solvent was removed in vacuo. The residue eaystallized from toluene (300 mL) to
afford ditosylates (84 g, 78%) as a white solitH NMR (400 MHz, CDCJ) & 7.83-7.78 (m,
4H), 7.36-7.30 (m, 4H), 6.93-6.87 (m, 2H), 6.848qm, 2H), 4.35-4.29 (m, 4H), 4.19-4.13
(m, 4H), 2.44 (s, 6H). Spectral data were in agesgrwith literature valué8

4.2.3.Tetratosyl clip (7)

Method A: Thionyl chloride (7.7 mL, 100 mmol, 20 equiv) wadded to a suspension of
cyclic ethers (1.9 g, 5.0 mmol, 1.0 equiv), ditosyl&€6.3 g, 2.5 mmol, 2.5 equiv) and zinc
chloride (6.1 g, 45 mmol, 9.0 equiv) in dry DCM (&€L). The resulting dark blue mixture
was stirred at 20 °C for 24 hours under an argamsgphere. The mixture was diluted with
DCM (100 mL) and washed with aqueous 1M HCI (2 ® 1AL) and brine (100 mL). The
yellow-orange organic layer was dried over sodiwtfate and the solvent was removed in
vacuo. The residue was triturated with acetonenfdd and kept at 4 °C for 30 minutes. The
precipitate was successively filtered off, washethacetone (40 mL) and dried under high
vacuum to afford clip molecul@ (3.3 g, 50%) as a white soliMethod B: Thionyl chloride
(42 mL, 0.58 mol, 15 equiv) was added to a suspensi cyclic etheb (14.9 g, 39.5 mmaol,
1.0 equiv), ditosylat®é (43.1 g, 85.1 mmol, 2.1 equiv) and tin(ll) trifkemethanesulfonate
(3.36 g, 8.1 mmol, 0.2 equiv) in dry DCM (500 m@he resulting dark green mixture was
stirred at 20 °C for 120 hours under an argon apinexe. Upon completion, the mixture was
washed with water (2 x 500 mL) and brine (500 milt)e yellow-orange organic layer was

dried over sodium sulfate and the solvent was readdm vacuo. The residue was triturated
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with acetone (400 mL) and kept at 4 °C for 30 masutThe precipitate was successively
filtered off, washed with acetone (200 mL) and drender high vacuum to afford clip
molecule7 (20.7 g, 39%) as a white solitH NMR (400 MHz, CDCY) § 7.72-7.66 (m, 8H),
7.21-7.15 (m, 8H), 7.15-7.06 (m, 10H), 6.67 (s,,445 (d,J = 15.9 Hz, 4H), 4.21 (J =
4.7 Hz, 8H), 4.09 (d) = 15.8 Hz, 4H), 3.96 (df = 11.5, 4.5 Hz, 4H), 3.91 (di,= 11.4, 4.8
Hz, 4H), 2.38 (s, 12H). Spectral data were in agese with literature valué$

4.2.4.5,10,15,20- Tetrakis(2-hydr oxyphenyl ) por phyrin (8)

A mixture of 2-methoxybenzaldehyde (14 g, 0.10 m&l) equiv) and zinc acetate
dihydrate (5.5 g, 25 mmol, 1.0 equiv) in propioaad (500 mL) was heated to reflux. Then,
pyrrole (6.9 mL, 0.10 mol, 4.0 equiv) was addedpaiise over 10 minutes and refluxing was
continued for 2 hours. The resulting black mixtwas slowly cooled to 20 °C. The resulting
precipitate was successively filtered off, washeth wropionic acid (100 mL) and methanol
(4 x 50 mL), and dried under high vacuum to affardark purple solid. The solid material
was dissolved in chloroform (100 mL), DDQ (2.7 § rhmol, 0.5 equiv) was added and the
resulting mixture was refluxed for 2 hours. Uporolong, the mixture was purified by
Alumina Il column chromatography (eluent CHCIThe purified material was dissolved in
chloroform (100 mL) and successively washed withemys 37% HCI (100 mL), saturated
aqueous NaHCO(250 mL); then dried over sodium sulfate, afterichhthe solvent was
removed in vacuo. The residue was dissolved inmahamount of DCM and precipitated by
the addition of heptane. Most DCM was removed umdduced pressure and the resulting
suspension was centrifuged. The supernatant wasvezimand the precipitate was washed
with pentane and dried under high vacuum to affés8dMPP (1.24 g, 7%) as a purple solid.
Boron tribromide (3.2 mL, 34 mmol, 20 equiv) wagiad dropwise over 1 minute to a —25
°C solution of HTMPP (1.24 g, 1.7 mmol, 1.0 equiv) in dry DCM (2%)ymunder an argon
atmosphere. The mixture was slowly warmed to 20at@ stirred for 16 hours. Upon
completion, the mixture was poured onto ice waB®0(mL). Then, ethyl acetate (250 mL)
was added and the biphasic mixture was stirred reiggdy. Solid NaHC® was added
carefully until the organic phase turned purple.e Thrganic layer was separated and
successively washed with saturated aqueous NaHB@@ mL), dried over sodium sulfate,
after which the solvent was removed in vacuo. Esdue was purified by silica gel column
chromatography (eluent DCM/MeOH, 19:1, v/v). Therifed material was dissolved in
minimal amount of DCM and the product precipitalbgothe addition of heptane. Most DCM

was removed under reduced pressure and the resudtispension was centrifuged. The
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supernatant was removed and the precipitate wakedasith pentane and dried under high
vacuum to afford porphyri (1.16 g, 99%) as a purple solfti NMR (400 MHz, CDCJ) &
8.91 (s, 8H), 8.00-7.92 (m, 4H), 7.77-7.67 (m, 4H38-7.28 (m, 8H), 4.92 (bs, 4H), -2.79

(bs, 2H). Spectral data were in agreement withalitee values.

4.2.5.Porphyrin cage compound (H21)

Potassium carbonate (0.88 g, 6.4 mmol, 11 equig) adaled to a solution of tetratosyl clip
7 (0.78 g, 0.57 mmol, 1.0 equiv) and porphyBn(0.43 g, 0.64 mmol, 1.1 equiv) in
acetonitrile (700 mL) and the resulting mixture waluxed for 10 days. After cooling, the
mixture was filtered through a pad of Celite anel tbsidue was washed with chloroform until
colorless washings were obtained. The combinedtétwas evaporated to dryness and then
purified by Alumina Il column chromatography (ehtieCHCE). The purified material was
dissolved in a minimal amount of DCM and precigthby the addition of n-heptane. Most
DCM was removed under reduced pressure and thiimgssuspension was centrifuged. The
supernatant was removed and the precipitate wasedasith n-pentane and dried under high
vacuum to afford porphyrin cage compourgtl (0.45 g, 58%) as a purple solitH NMR
(400 MHz, CDC}) 6 8.76 (s, 4H), 8.67 (s, 4H), 8.07 ®= 7.3 Hz, 4H), 7.76 (t) = 8.0 Hz,
4H), 7.37 (tJ = 7.4 Hz, 4H), 7.34 (d] = 8.4 Hz, 4H), 6.97-6.91 (m, 6H), 6.83-6.78 (m) 4H
6.20 (s, 4H), 4.30-4.20 (m, 4H), 4.24 (d= 15.8 Hz, 4H), 4.09-4.01 (m, 4H), 3.74 (o
15.8 Hz, 4H), 3.53-3.43 (m, 4H), 3.37-3.30 (m, 4+B,73 (bs, 2H). Spectral data were in
agreement with literature vald8sA single crystal of this compound, suitable fofray
analysis, was grown from a CDCsolution at —60 °C. Crystallographic data havenbee
deposited at the Cambridge Crystallographic Datar€ainder number CCDC 1913851.

4.2.6.Nickel(11) porphyrin cage compound (Nil)

A solution ofH»1 (10 mg, 7.4umol, 1.0 equiv) and nickel(ll) acetate tetrahydrgé mg,
0.15 mmol, 20 equiv) in DMF (2 mL) was refluxed @ hours. Upon completion of the
reaction (confirmed by MALDI-TOF analysis) and aft®oling, the mixture was poured into
water (40 mL). The formed precipitate was colleddgdcentrifugation and was successively
washed with water (30 mL) and methanol (30 mL), dned under high vacuum. The residue
was purified by silica gel column chromatographju¢at CHCYMeCN, 9:1, v/v). The
purified material was dissolved in a minimal amoahDCM and precipitated by the addition
of n-heptane. Most DCM was removed under reducedspire and the resulting suspension

was centrifuged. The supernatant was removed angrétipitate was washed with n-pentane
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and dried under high vacuum to affd¥itl (8.6 mg, 83%) as a dark red softti NMR (500
MHz, CDCh) & 8.69 (s, 4H), 8.56 (s, 4H), 7.96 (dbs 7.3, 1.8 Hz, 4H), 7.73-7.65 (m, 4H),
7.32 (td,J = 7.5, 1.1 Hz, 4H), 7.26 (d,= 8.0 Hz, 4H), 7.01-6.92 (m, 6H), 6.86—6.79 (m),4H
6.26 (s, 4H), 4.30 (d] = 15.9 Hz, 4H), 4.24 (ddd, = 11.4, 7.8, 4.0 Hz, 4H), 4.02 (d&t,=
10.6, 4.2 Hz, 4H), 3.80 (d, = 15.8 Hz, 4H), 3.52 (d{] = 8.6, 4.5 Hz, 4H), 3.44 (ddd,=
10.8, 7.8, 3.9 Hz, 4H)?3C NMR (126 MHz, CD{) 6 158.44, 157.16, 146.65, 143.67,
143.35, 134.81, 133.44, 131.34, 131.07, 130.58,9429129.54, 128.56, 128.48, 128.09,
119.78, 115.61, 115.05, 111.72, 84.89, 67.23, 6618(563. M.p. >300 °C (decomposition).
HRMS (ESI) calcd. for [@Hs2NgNiO10 + NaJ 1423.38401, found 1423.38381.
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Highlights:

«  Porphyrin cage compounds based on diphenylglycoluril can be synthesized in 8 steps
in batches up to 450 mg

+  Porphyrin cage compounds can be selectively nitrated at their cavity side-walls

« Protonation of the porphyrin plane causes nitration by electrophilic nitronium ions to
be directed to the cavity side-walls



